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Abstract

Cannabis-derived compounds are increasingly used as adjuncts in cancer therapy due to
their reported antiproliferative and pro-apoptotic effects. However, potential drug-herb
interactions with standard anticancer agents—namely sorafenib—remain unclear. This
study investigated the interaction between cannabis and sorafenib, together with tran-
scriptomic alterations in human hepatoma HepG2 cells. Cell viability was assessed using
the MTT assay, and drug interactions were evaluated using the Combenefit program.
RNA sequencing was performed to characterize gene expression changes across treatment
groups. Combination analysis demonstrated concentration-dependent synergistic effects
at intermediate doses. Transcriptomic profiling revealed that the combination treatment
induced a broader and more distinct set of differentially expressed genes compared with
single treatments. Integrated enrichment analyses showed consistent activation of stress-
and inflammation-related pathways, including tumor necrosis factor-c« via nuclear factor-
kappaB (TNF/NF-«B), mitogen-activated protein kinase (MAPK), janus kinase/signal
transducers and activators of transcription (JAK-STAT), oxidative stress, and p53-mediated
apoptosis, alongside suppression of metabolic and proliferative processes. While several
pathways were shared across treatments, the combination group exhibited a more coordi-
nated transcriptional response, including enrichment of integrated stress response, cytokine
signaling, endoplasmic reticulum stress, and epigenetic regulation. These findings were
supported by increased reactive oxygen species production and apoptosis, particularly
in the combination group. Overall, cannabis may potentiate sorafenib activity through
enhanced cellular stress and anti-proliferative signaling.

Keywords: cannabis; sorafenib; transcriptome; hepatocarcinoma cancer cells

1. Introduction

Hepatocellular carcinoma (HCC) is a major global health burden and remains one of
the leading causes of cancer-related mortality worldwide [1]. Sorafenib, a multi-kinase
inhibitor, has been established as a first-line systemic therapy for advanced HCC; however,
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its clinical benefit is often limited due to the development of drug resistance [2,3]. These
resistance mechanisms involve complex molecular alterations, including dysregulation of
apoptotic signaling, metabolic adaptation, and activation of cytoprotective transcriptional
programs. Such processes are closely associated with changes in gene expression, high-
lighting the importance of transcriptomic approaches to elucidate molecular responses to
treatment and identify determinants of therapeutic efficacy [4].

Cannabis has gained increasing attention for its potential therapeutic applications
in oncology, particularly following recent regulatory changes in several countries [5]. Its
major bioactive compounds, Ag—tetrahydrocannabinol (THC) and cannabidiol (CBD), have
been reported to exert anti-inflammatory, antioxidant, and antineoplastic effects, including
inhibition of cell proliferation, induction of apoptosis, and modulation of tumor-related
signaling pathways [6,7]. Notably, emerging evidence indicates that cannabinoids interact
with conventional chemotherapeutic agents, producing variable outcomes ranging from
synergistic to antagonistic effects depending on drug combinations, concentrations, and
cellular context [8,9]. In addition, variability in cannabis composition arising from dif-
ferences in cannabinoid ratios could further influence these interactions and contribute
to inconsistent biological responses [10]. Synergistic interactions enhance tumor cell sen-
sitivity to chemotherapeutic agents by increasing oxidative stress, promoting apoptosis,
and partially mitigating resistance mechanisms such as drug efflux and enhanced DNA
repair capacity [11]. Conversely, antagonistic effects have been reported between cannabis
and platinum-based drugs such as cisplatin by modulation of drug-metabolizing enzymes,
attenuation of therapy-induced oxidative stress, activation of pro-survival signaling path-
ways and reduced induction of apoptosis [12,13].

Although previous reports demonstrate the use of cannabis in cancer patients under
medical surveillance to alleviate treatment-related adverse effects, this growing co-use
raises important concerns regarding potential drug-drug interactions with standard anti-
cancer therapies [14]. Indeed, our findings underscore the need for caution when consid-
ering such combinatorial use, as the beneficial effects of cannabinoids in cancer therapy
may not be universally applicable. In certain contexts, cannabis may attenuate the anti-
cancer efficacy of chemotherapeutic agents, thereby potentially compromising treatment
outcomes. This consideration is particularly important given the increasing prevalence
of cancer patients using cannabis-derived products to alleviate treatment-related symp-
toms, highlighting the clinical relevance of understanding these interactions. However,
despite the widespread clinical use of sorafenib in HCC and the increasing consumption
of cannabis, their potential interaction remains poorly understood. Therefore, the present
study aimed to address this knowledge gap by investigating the transcriptomic alterations
associated with the combined treatment of cannabis and sorafenib in a human HCC cell
line (HepG2). Using RNA sequencing (RNA-seq), we sought to characterize the molecular
responses underlying this combination and to provide preliminary mechanistic insights
into potential interactions between cannabis and sorafenib. While limited to an in vitro
model, these findings may contribute to a better understanding of how cannabis could
influence the response to sorafenib in HCC and inform future validation studies in more
complex models.

2. Results
2.1. Composition of Cannabis Extract

The cannabinoid composition of the extract in our study showed that
A-tetrahydrocannabinol (A°-THC) accounted for 17.6256% (w/w), cannabinol (CBN)
accounted for 1.6176% (w/w), and tetrahydrocannabinolic acid (THCA) accounted for
0.0280% (w/w). The total THC content, calculated as A’-THC + (THCA x 0.877), was
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17.6502% (w/w). Cannabidiol (CBD) and cannabidiolic acid (CBDA) were present at
5.7393% (w/w) and 0.1429% (w/w), respectively, yielding a total CBD content, calculated as
CBD + (CBDA x 0.877), of 5.8646% (w/w). Accordingly, the ratio of total THC to CBD was
approximately 3:1.

2.2. Cannabis Suppresses Cancer Cell Proliferation

To determine the 50% inhibitory concentration (ICsg) values of the test substances, the
cell viability of HepG2 cells following treatment with cannabis extract or sorafenib was
evaluated using the MTT assay. The results are shown in Figure 1. The cell viability in
the vehicle control group was 100 £ 0.01%. Treatment with cannabis extract resulted in a
concentration-dependent reduction in HepG2 cell viability, with statistically significant de-
creases observed at concentrations ranging from 0.12 to 1.0 mg/mL. Similarly, exposure to
sorafenib led to a dose-dependent decrease in cell viability, with significant effects detected
at concentrations between 20 and 80 uM. The determination of ICs, values for cannabis ex-
tract and sorafenib were approximately 0.15 & 0.01 mg/mL and 25 + 5.8 uM, respectively.
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Figure 1. Cell viability of HepG2 cells following treatment with cannabis or sorafenib was assessed
using the MTT assay after 24 h of incubation. (A,C) Percentage of cell viability is presented, and
(B,D) sigmoidal dose-response curves were generated to determine ICs( values for each compound.
Statistical significance is indicated as ** p < 0.01 and *** p < 0.0001 compared with the vehicle control
(n=3).

2.3. Synergistic Effect Between Cannabis and Sorafenib

To characterize the pharmacological interaction between sorafenib and cannabis ex-
tract, a dose-matrix combination analysis was conducted using the Combenefit program.
The cell viability in combination or single treatment is presented in Supplementary File S1.
Figure 2 represents the synergy score in which color-coded synergy surface maps are used
to visualize the degree of synergism or antagonism interactions between the two agents.
As shown in the Bliss independence and highest single agent (HSA) synergy maps
(Figure 2A,B), the strongest synergistic effects were observed at sorafenib concentrations of
12.5-25 pM in combination with 0.07-0.15 mg/mL of cannabis extract. In contrast, at the
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highest cannabis concentration tested (0.6 mg/mL), the interaction slightly shifted toward
antagonism across most sorafenib concentrations. However, the Loewe additivity model
(Figure 2C) indicated that the overall interaction between cannabis and sorafenib was
largely additive across the dose-response matrix, with only synergistic effects detected at
selected intermediate concentrations and several regions of mild antagonism, particularly
at higher sorafenib doses. Finally, we conclude a concentration-dependent synergistic inter-
action between cannabis extract and sorafenib in HepG2 cells, with significant synergism
at intermediate dose combinations. Based on the combination analysis, concentrations for
RNA-sequencing were selected from the intermediate dose range, where the strongest and
most consistent synergistic interactions were observed. Specifically, cannabis extract (0.07
and 0.15 mg/mL) in combination with sorafenib (12.5 uM) demonstrated high synergy
scores across both Bliss and HSA models, while maintaining sufficient cell viability for
downstream transcriptomic analysis.
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Figure 2. The drug-drug interaction between sorafenib and cannabis extract in HepG2 cells was
analyzed using the Combenefit software. The plot showed synergy scores between sorafenib (y-
axis) and cannabis extract (x-axis). Synergy surface maps were generated based on (A) the Bliss
independence, (B) highest single agent (HSA), and (C) Loewe additivity models. Level of synergism or
antagonism is indicated by color scale bars. Data was obtained from seven independent experiments
(n=7).*p<0.05; ** p < 0.01, ** p < 0.001.

2.4. Whole Gene Expression in Combined Sorafenib and Cannabis

To determine the changes in whole gene expression in HepG2 cells after treatment with
a combination of sorafenib and cannabis extract, RNA-seq was performed. Venn diagram
analyses were performed to compare the overlap and treatment-specific differentially
expressed genes (DEGs) across control, single-agent, and combination treatment conditions.
Across all comparisons, a large proportion of DEGs were commonly shared between all
experimental groups.

In comparisons of the single treatments (cannabis extract or sorafenib alone) relative
to the vehicle control (Figure 3A-C), distinct sets of DEGs were identified. Specifically,
217,592, and 583 genes were uniquely associated with treatment using cannabis extract
at concentrations of 0.07 and 0.15 mg/mL, and sorafenib, respectively. Furthermore, in
comparisons of the combination treatments related to the vehicle control (Figure 3D,E),
distinct DEGs sets were also observed. A total of 744 and 888 genes were uniquely associ-
ated with the combined treatment of cannabis extract (0.07 mg/mL) plus sorafenib, and
cannabis extract (0.15 mg/mL) plus sorafenib, respectively. Of note, both combination
treatments exhibited a greater number of unique DEGs compared with single-agent treat-
ments, indicating enhanced transcriptomic modulation under combined drug exposure.
Three-group Venn diagram analyses comparing sorafenib, cannabis extract (0.07 mg/mL),
and the combination treatment (Figure 3F) demonstrated distinct DEG subsets, comprising
108 genes unique to sorafenib, 629 genes unique to cannabis extract, and 261 in the combi-
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nation treatment. Finally, we also found 261 genes unique to sorafenib, 529 genes unique to
cannabis extract (0.15 mg/mL), and 261 in the combination treatment (Figure 3G).

(A) (B) (C)

Cannabis extract Cannabis extract

Vehicle control 0.07 mg/mL Vehicle control 0.15 mg/mL Vehicle control Sorafenib
293 11085 2il7/ 677 10701 592 905 10473 583
Sorafenib + Sorafenib +
(D) Cannabis extract (E) Cannabis extract
Vehicle control 0.07 mg/mL Vehicle control 0.15 mg/mL
852 10526 744 1133 10245 888

(F) (G)
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Sorafenib 0.07 mg/mL Sorafenib 0.15 mg/mL
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108 629 261 529
10328 10165
478 203 333 302
261 333
Sorafenib + Sorafenib +
Cannabis extract Cannabis extract
0.07 mg/mL 0.15 mg/mL

Figure 3. The Venn diagrams demonstrate the overlap and treatment-specific DEGs across control,
single-agent, and combined treatment conditions relative to the vehicle control. (A) Cannabis
extract (0.07 mg/mL) and vehicle control; (B) cannabis extract (0.15 mg/mL) and vehicle control;
(C) sorafenib (12.5 uM) and vehicle control; (D) combination of sorafenib (12.5 uM) plus cannabis
extract (0.07 mg/mL) and vehicle control; (E) combination of sorafenib (12.5 uM) plus cannabis
extract (0.15 mg/mL) and vehicle control; (F) combination of sorafenib (12.5 uM) plus cannabis
extract (0.07 mg/mL), sorafenib (12.5 uM), and cannabis extract (0.07 mg/mL); and (G) combination
of sorafenib (12.5 uM) plus cannabis extract (0.15 mg/mL), sorafenib (12.5 tM), and cannabis extract
(0.15mg/mL) (n = 3).

The DEG analysis was then visualized using volcano plots to demonstrate up- or down-
regulation changes between the treatment and vehicle control groups (Figures 4-6). Com-
parisons between cells treated with cannabis extract at both tested concentrations and the ve-
hicle control (Figure 4A,B) revealed concentration-dependent transcriptional deregulation,
with both upregulated and downregulated genes. At the cannabis extract concentration of
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0.07 mg/mL, the result showed 94 upregulated and 152 downregulated genes relative to
the vehicle control (Figure 4A). Increasing the concentration up to 0.15 mg/mL of cannabis
extract markedly expanded the transcriptional response, yielding 1705 upregulated and
1917 downregulated genes (Figure 4B). Also, a comparison between the cells treated with
sorafenib and the vehicle control showed pronounced transcriptional alterations, with
1642 upregulated and 2473 downregulated genes (Figure 4C). Taken together, these results
indicate that increasing concentrations of cannabis extract were associated with greater
transcriptomic alterations.
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Figure 4. Volcano plots show global transcriptional changes following single treatment of cannabis
extract or sorafenib relative to the vehicle control in HepG2 cells. The x-axis represents the log2-
fold change in gene expression, and the y-axis indicates statistical significance expressed as —log10
adjusted p-value. (A) Cannabis extract (0.07 mg/mL), (B) cannabis extract (0.15 mg/mL), and
(C) sorafenib (12.5 uM) (n = 3).
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Figure 5. Volcano plots show global transcriptional changes following combined treatment of
cannabis extract (0.07 mg/mL) and sorafenib (12.5 uM) in HepG2 cells. The x-axis represents the
log2-fold change in gene expression, and the y-axis indicates statistical significance expressed as
—log10 adjusted p-value. (A) Combined treatment with cannabis extract and sorafenib relative to
vehicle control, (B) combined treatment with cannabis extract and sorafenib relative to cannabis
extract alone, and (C) combined treatment with cannabis extract and sorafenib relative to sorafenib
alone (n = 3).
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Figure 6. Volcano plots showing global transcriptional changes following combined treatment of
cannabis extract (0.15 mg/mL) and sorafenib (12.5 uM) in HepG2 cells is shown. The x-axis represents
the Log2-fold change in gene expression, and the y-axis indicates statistical significance expressed
as —log10 adjusted p-value. (A) Combined treatment with cannabis extract and sorafenib relative
to vehicle control, (B) combined treatment with cannabis extract and sorafenib relative to cannabis
extract alone, and (C) combined treatment with cannabis extract and sorafenib relative to sorafenib
alone (n = 3).

We then made a comparison between the combination treatment (cannabis extract
plus sorafenib) and the vehicle control or single treatment (single-cannabis extract or single-
sorafenib treatment). At a concentration of 0.07 mg/mL of cannabis extract, the findings
showed that the combined treatment resulted in 2213 upregulated and 2325 downregulated
genes compared with the vehicle control (Figure 5A). We found that 2177 genes were
upregulated and 1983 were downregulated in the combined treatment compared with
single-cannabis extract at the same concentration (Figure 5B). On the contrary, we found
fewer deregulated genes in the combined treatment compared with sorafenib monotherapy
(508 upregulated and 80 downregulated genes) (Figure 5C). Overall, the transcriptional
profile of the combination treatment showed limited additional changes in comparison
with those observed with single treatments, particularly in comparison with sorafenib
alone. Therefore, these findings suggest that cannabis extract at 0.07 mg/mL provides
minimal additive or synergistic effects when combined with sorafenib. Accordingly, this
concentration appears to have limited value for combination therapy and was not further
investigated in subsequent experiments.

At a concentration of 0.15 mg/mL of cannabis extract, the result is shown in Figure 6,
and a comparison between the combined treatment and the vehicle control revealed
3468 upregulated genes and 3604 downregulated genes (Figure 6A). Comparison of the
combination treatment with the single-cannabis extract treatment identified 1783 upreg-
ulated genes and 2317 downregulated genes (Figure 6B). Finally, comparison between
the combination treatment and the single-sorafenib treatment revealed 2001 upregulated
genes and 1228 downregulated genes (Figure 6C). These results concluded that the combi-
nation treatment elicited a broader and more distinct transcriptional response than either
the single-cannabis extract treatment or the single-sorafenib treatment alone. Hence, this
combination formula was further chosen to analyze the molecular mechanisms.

To explain the gene set exhibiting DEGs compared with the vehicle control, a heat
map was generated to visualize the expression patterns of significantly DEGs across all ex-
perimental conditions, including the vehicle control and the cannabis extract (0.15 mg/mL),
sorafenib (12.5 uM), and combined sorafenib—cannabis extract treatments (Figure 7). Each
row represents an individual gene, and each column corresponds to a vehicle and treatment
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condition. Hierarchical clustering revealed that the cannabis extract group exhibited mixed
gene expression patterns with an overall trend toward reduced expression. In contrast, the
combined sorafenib—cannabis extract treatment formed a distinct cluster, showing gene
expression changes that were opposite to those observed in the vehicle group. Moreover,
the gene expression profile in the combined treatment differed from both single-agent
treatments, indicating a unique transcriptional response. These findings suggest that
cannabis extract modulates sorafenib-induced transcriptional programs rather than simply
enhancing the effects of either agent alone.

1013u02 B|9IYaA
qiusyelog
joesXa siqeuued
joes)x@ siqeuued
+ qluajelos

Figure 7. Differential expression gene clustering heatmap. The cells were treated with single-sorafenib
extract, single-cannabis extract at a concentration of 0.15 mg/mL, or their combination. The overall
results of FPKM cluster analysis, clustered using the log2(FPKM+1) value. Red indicates genes with
high expression levels, and blue indicates genes with low expression levels (n = 3).

The top 20 DEGs are presented in Table 1. Under single-treatment conditions, so-
rafenib induced the upregulation of several genes which were not detected in other groups,
including MT-RNR2, ACTB, NOTUM, ODC1, H3F3B, TRIB3, PIM1, SQSTM1, GNA13, and
NFE2L2. In contrast, treatment with cannabis extract alone resulted in the upregulation
of FTL, IGFBP1, TXNRD1, ERRFI1, DDX21, GCLC, HSPA9, H1F0, SERPINE1, and ATF4.
Notably, the combination treatment induced the upregulation of several genes that were
not detected in either single-treatment condition, including MT-RNR1, SAT1, BRD2, and
MTHFD?2. Regardless, sorafenib-treated cells resulted in the downregulation of multiple
genes, including SLC2A1, HSPAS8, LDHA, IGFBP1, LYZ, SLC2A3, MAN1A1, PEG3, HN-
RNPA2B1, PGK1, RPS6KA3, SLC16A3, PGAM]1, PLIN2, NORAD, TM4SF1, and IDH1. On
the contrary, cannabis-treated cells showed downregulation of AFP, TF, PEG10, FGG, TPI1,
FGA, APOH, FGB, P4HA1, HMGA2, SERPINF2, PLOD2, ANXA4, TNFRSF19, COL2A1, and
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OBSL1. Furthermore, several genes were uniquely downregulated in the combination treat-
ment and were not detected in either single-treatment group, including SLC2A1, SELENOP,
AGT, SERPIND1, CPLX2, MMD, MCM3, PLOD2, and ENCI1.

Table 1. Top 20 differentially expressed genes (upregulated and downregulated) relative to vehicle
control in HepG2 cells following treatment with sorafenib or cannabis extract or combined sorafenib
and cannabis extract (n = 3).

Genes
Sorafenib Cannabis Extract Combination

MT-RNR2, ACTB, ACTG1, FTL, ACTG1, MT2A, MT1G, MT-RNR2, MT2A, MT1G,

MT2A, MT1G, GDF15, SLC3A2,  GDF15, SLC3A2, MTIE, MT-RNR1, GDF15, SLC3A2,
Unresulation  MTLE, EIF1, JAGL, NOTUM, EIF1, IGFBP1, JAGI, MTIE, EIF1, JAG1, TXNRD1,

preguiatio ODC1, H3F3B, MT1H, MYC, TXNRD1, ERRFI1, DDX21, MT1H, MYC, GCLC, TRIB3,

TRIB3, PIM1, SQSTM1, MT1H, MYC, GCLC, HSPA9, SAT1, BRD2, PIM1, SQSTMI,

GNA13, NFE2L2 H1F0, SERPINE1, ATF4 GNA13, MTHFD?2

SLC2A1, HSPAS, LDHA, IGFBP1, AFP, TF, PEG10, LDHA, AFP, SLC2A1, SELENOP,

LYZ, SLC2A3, MAN1A1, PEG3, EGG, SLC2A3, PEG3, PGK1, LDHA, LYZ, SLC2A3, AGT,

b i HNRNPA2B1, PGK1, RPS6KA3,  TPI1, FGA, APOH, EGB, PEG3, FGA, RPS6KA3, PGAMI,

OWnregwiaion o1 1643, PGAM1, PLIN2, P4HA1, HMIGA2, SERPINF2, IDH1,ST6GAL1, SERPIND1,

NORAD, TM4SF1, IDH1, BNIP3, PLOD2, ANXA4, TNFRSF19, CPLX2, MMD, HMGA?2,
ST6GAL1, TGFBR2 COL2A1, OBSL1 MCM3, PLOD2, ENC1

To further characterize the biological functions associated with the DEGs, Gene On-
tology (GO) enrichment analysis was performed. The significant genes identified from
each treatment group were mapped to the database for identification of enriched functional
categories, including biological processes (BPs), molecular function (MF), and cellular
component (CC). The results are shown in Figure 8 and Supplementary File S2. Regard-
ing the sorafenib treatment, we found a significant association with key regulators of
BPs, particularly miRNA response, immune response, and cellular dynamics. In the MF
category, genes were predominantly enriched in DNA-binding transcription regulatory
activities and cytokine activity. The cannabis-treated cells showed that the BPs correlated
with a strong overrepresentation of genes involved in responses to toxic substances and
positive regulation of the apoptotic process as well as programmed cell death. Moreover,
we found enriched terms related to hemostasis and blood coagulation. The MF category
demonstrated genes associated with signaling receptor regulator/activator activity and
receptor ligand activity as well as growth factor activity and cytokine activity. Additionally,
enrichment in organic acid binding and transmembrane transporter activity was observed.

Interestingly, the cells were incubated with a combination of sorafenib and cannabis ex-
tract showed that gene sets were significantly related to the BPs in integrated stress response
signaling and mapping to MF categories revealed strong enrichment in DNA-binding tran-
scription activator and repressor activities and cytokine and chemokine activity as well
as histone acetyltransferase. Remarkedly, GO terms including integrated stress response
signaling, cytokine receptor binding, histone H4K5 acetyltransferase activity, histone H4K8
acetyltransferase activity, and CXCR chemokine receptor binding were predominantly
enriched exclusively in this combination group and were not observed in either the so-
rafenib or cannabis extract treatment alone. These findings indicate the involvement of
stress adaptation, epigenetic regulation, inflammatory signaling, and chemokine-mediated
interactions, which are key processes underlying cancer cell survival, proliferation, immune
evasion, and metastasis.
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Figure 8. GO terms among treatment groups were analyzed. DEGs from each treatment group were
subjected to GO enrichment analysis by clusterProfiler (4.8.1). GO terms that were uniquely enriched
or shared among the three treatment conditions, based on FDR-adjusted significance, are presented.
The x-axis represents gene ratio. (A) sorafenib treatment alone, (B) cannabis extract treatment alone,
and (C) combination treatment with sorafenib and cannabis extract. The figure was generated using
ImageGP (https:/ /www.bic.ac.cn/ImageGP/, accessed on 3 April 2026) (n = 3).

To elucidate the molecular mechanisms underlying sorafenib and cannabis treatment
in HepG2 cells, transcriptomic alterations were systematically analyzed using gene set
enrichment approaches based on Gene Set Enrichment Analysis (GSEA) and ShinyGO 8.0.
Regarding the GSEA database, the sorafenib treatment resulted in a marked transcriptional
shift. The most prominently enriched pathways included TNF« signaling via NF-«B, p53
signaling, transforming growth factor-beta (TGF-f3) signaling, inflammatory response, and
ultraviolet (UV) response, indicating activation of stress and apoptosis-related processes.
The cannabis treatment induced a comparable yet distinct transcriptional profile, with 34
of 50 gene sets upregulated and 16 downregulated. While overlapping with sorafenib
in key pathways such as TNF« signaling via NF-«kB, TGF-f3 signaling, and inflammatory
response, cannabis uniquely enhanced unfolded protein response and reactive oxygen
species pathways, highlighting its role in promoting toxicity to protein and oxidative stress.
Consistently, the downregulated pathways included the G2/M checkpoint, further sup-
porting the disruption of cell cycle control. Notably, the combination treatment elicited
a more integrated and distinct transcriptional reprogramming, with 39 of 50 gene sets
upregulated and 11 downregulated. This profile was characterized by a robust activation
of the p53 pathway in conjunction with TNF« signaling via NF-«B, inflammatory response,
UV response, and unfolded protein response, suggesting a convergence of stress, inflam-
matory, and apoptotic signaling. Meanwhile, persistent downregulation of E2F targets
and bile acid metabolism across all treatment conditions indicates a shared suppression
of proliferative and metabolic pathways. The upregulated and downregulated pathways
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are shown in Figure 9. The enrichment score (ES), normalized enrichment score (NES) and

false discovery rate g-value (FDR g-value) are shown in Supplementary File S3.
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Figure 9. Gene Set Enrichment Analysis (GSEA) of differentially expressed genes from (A) sorafenib
treatment alone, (B) cannabis extract treatment alone, and (C) combination treatment with sorafenib
and cannabis extract. Enrichment analysis was performed using the h.all.v5.1.symbols.gmt [Hall-
mark] gene set collection with 1000 permutations. Gene sets with nominal p-value < 0.05 and FDR
g-value < 0.05 were considered significantly enriched. Enrichment plots were generated using SR

plot (http:/ /www.bioinformatics.com.cn/Srplot, accessed on 6 May 2026) (n = 3).

To validate and extend the GSEA findings, ShinyGO 8.0 was utilized to compare
pathway enrichment profiles and to determine whether the transcriptional responses across
treatments reflect common regulatory mechanisms or distinct biological processes. In the
sorafenib-treated group, upregulated pathways were strongly enriched in inflammatory

and stress-related signaling, including TNF signaling, MAPK signaling, NF-«B signaling,
interleukin-17 (IL-17) signaling, and cytokine—cytokine receptor interaction. In contrast,
metabolic pathways were significantly downregulated, indicating a global suppression
of cellular metabolic activity. In the cannabis-treated group, enriched pathways included
MAPK signaling, ferroptosis, phosphoinositide 3-kinase/protein kinase B (PI3K-Akt) sig-
naling, pathways in cancer, and apoptosis, suggesting activation of both stress response
and cell death mechanisms. Meanwhile, downregulated pathways comprised DNA repli-
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cation, glycine/serine/threonine metabolism, glycolysis/gluconeogenesis, and cell cycle
progression, reflecting an inhibition of proliferative and metabolic functions. Notably, the
combination treatment exhibited a convergent yet distinct enrichment profile, character-
ized by upregulation of TNF signaling, MAPK signaling, IL-17 signaling, apoptosis, and
protein processing in the endoplasmic reticulum, indicating an integration of inflammatory,
apoptotic, and endoplasmic reticulum stress responses. Concurrently, downregulated path-
ways included metabolic pathways, fat digestion and absorption, amino acid metabolism,
and peroxisome proliferator-activated receptor (PPAR) signaling, further supporting the
suppression of metabolic and lipid regulatory processes. The upregulated and downregu-
lated pathways are shown in Figure 10. The enrichment FDR, number of genes, and fold
enrichment are shown in Supplementary File S4.
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Figure 10. Top significantly enriched Kyoto Encyclopedia of Genes and Genomes (KEGG) path-
ways based on differentially expressed genes (DEGs) in HepG2 cells compared with the vehicle
control group. (A) Sorafenib treatment alone, (B) cannabis extract treatment alone, and (C) com-
bination treatment with sorafenib and cannabis extract. KEGG pathway enrichment analysis
was performed using ShinyGO (v0.85.1), and enrichment plots were visualized using SR plot
(http:/ /www.bioinformatics.com.cn/Srplot, accessed on 6 May 2026) (n = 3).

Following RNA-sequencing analysis, we performed functional assays focusing on
reactive oxygen species (ROS) production and apoptosis as key downstream phenotypic
outcomes in cancer cells under stress induction. All treatment conditions resulted in a
significant increase in the percentage of ROS-positive cells compared with the vehicle
control group. Notably, the combination treatment further significantly elevated ROS
levels compared with sorafenib monotherapy (Figure 11A). Similarly, apoptosis analysis
revealed a significant increase in the proportion of apoptotic cells in response to single-
agent treatment with either cannabis or sorafenib, as well as their combination, relative
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to the vehicle control. Furthermore, the combination treatment significantly enhanced
apoptosis compared with either sorafenib or cannabis alone (Figure 11B).
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Figure 11. Functional assays assessing (A) reactive oxygen species (ROS) generation and (B) apoptosis
in HepG2 cells following treatment with sorafenib alone, cannabis alone, or their combination.
Fluorescently stained cells were quantified by flow cytometry and expressed as percentages. Data
are presented as mean £ SD (n = 3). Statistical significance is indicated as * p < 0.05, ** p < 0.01,
***p <0.001, and **** p < 0.0001 versus vehicle control, and # p < 0.05 and ### p < 0.001 versus the
corresponding single-treatment groups.

3. Discussion

Cannabis has been widely reported to provide therapeutic benefits in the manage-
ment of symptoms such as pain, inflammation, anorexia, mood disorders, and vomiting.
Recently, increasing attention has been directed toward its potential role in cancer therapy,
particularly due to its ability to alleviate chemotherapy-related side effects and possibly en-
hance treatment efficacy in resistant cases [15]. Nevertheless, concerns regarding potential
drug—drug interactions should be carefully evaluated to determine whether cannabis affects
the pharmacological properties of conventional anticancer drugs [16]. Although previous
studies have demonstrated the effects of cannabis on the efficacy of several chemotherapy
drugs, such as cisplatin, tamoxifen, doxorubicin, and paclitaxel, the molecular effects of
combined administration of sorafenib and cannabis have not yet been reported. This study
is the first to comprehensively investigate the drug-drug interaction between cannabis and
sorafenib, and to characterize the transcriptomic effects of this combination in HepG2 cells,
revealing associated biological responses and molecular pathways.

The cytotoxic analysis demonstrated that cannabis extract exhibited an ICsy value
approximately 0.15 mg/mL after 24 h of exposure, corresponding to THC and CBD concen-
trations of 84.1 uM and 7.72 uM, respectively. When compared to other studies, we found
that the recent ICsy is higher than that reported in previous studies. It has been suggested
that differences in extract composition, particularly the relative proportions of THC and
CBD as well as potential variations in cancer types, could reflect distinct effects on cancer
treatment [16]. The different mechanisms of action by CBD and THC depend on the ratio
between CBD and THC in cannabinoids [17]. Co-administration of tamoxifen with both
recreational cannabis (THC:CBD ratio of 9:1) and medicinal cannabis (THC:CBD ratio of
1:3) formulations led to a reduction in tamoxifen’s efficacy, indicating that the simultaneous
treatment of a breast cancer cell line with different cannabinoid formulations and tamoxifen
results in a diminished anti-proliferative activity of tamoxifen [18]. Moreover, the pro-
tumor effect of cannabis was related to the expression of cannabinoid receptors (CB), both
CB1 and CB2; then, the cancer cells which originated from tissues with low cannabinoid
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receptor expression could be less sensitive to cannabinoids [19,20]. Blasco-Benito et al.,
2018 [21], reported that cannabis exhibited dual effects depending on the anticancer agent.
No synergy was observed with paclitaxel or epirubicin, whereas cisplatin combined with
cannabinoid extract showed a synergistic inhibition of cancer cell growth.

The potential interaction between cannabis extract and sorafenib in HepG2 cells was
evaluated using the Combenefit platform. The combination treatment at ICsy concentrations
demonstrated a synergistic reduction in cell viability, as indicated by both the Highest single
agent (HSA) and Bliss independence models. The HSA model provides a conservative base-
line comparison without assuming mechanistic interaction [22], whereas the Bliss model
predicts additive effects for compounds acting through independent mechanisms [23,24].
Hence, these findings indicate that the interaction between sorafenib and cannabis was
predominantly synergistic, likely driven by distinct yet complementary mechanisms, with
partial overlap in their modes of action. Mechanistically, sorafenib functions as a mul-
tikinase inhibitor targeting receptor tyrosine kinases and downstream serine/threonine
kinases, resulting in inhibition of cell proliferation and angiogenesis, as well as induction
of apoptosis [25]. In contrast, cannabinoids exerted anticancer effects through activation
of CB1 and CB2 receptors, leading to suppression of cell growth, induction of cell cycle
arrest, and activation of apoptotic pathways via multiple signaling cascades [26]. Previous
studies reported synergistic anti-tumor effects when cannabinoids were combined with
tyrosine kinase inhibitors, such as the synergistic effect of CBD and dasatinib through
modulation of the PI3K-AKT pathway [27] as well as inhibition of human epidermal
growth factor receptor (HER?2) signaling [28]. Taken together, our findings suggest that
cannabis extract enhanced sorafenib efficacy through both complementary and partially
overlapping mechanisms.

At the mechanistic level, the combined effects of sorafenib and cannabinoids appeared
to join in the induction of cellular stress. These include oxidative stress, mitochondrial
dysfunction, and disruption of cellular homeostasis, ultimately leading to apoptosis and
ferroptosis [29,30]. Cannabinoid-derived compounds such as (3-caryophyllene showed the
potential enhancement of sorafenib cytotoxicity by inhibiting drug efflux and increasing
intracellular drug accumulation [31]. Combination treatments with cannabinoids and
cisplatin have also been associated with suppression of DNA replication and repair, as
well as induction of cell cycle arrest [32]. Notably, synergistic interactions with tyrosine
kinase inhibitors, including cabozantinib, have been linked to activation of p53 signal-
ing and endoplasmic reticulum (ER) stress, further promoting apoptotic cell death [33].
Likewise, chemotherapy in the class of platinum-based drugs exerted the induction of
ROS in the mitochondria of gastric cancer cells leading to loss of mitochondrial membrane
potential. As a consequence, the accumulation of misfolded proteins triggered the unfold
protein response in an attempt to maintain cellular homeostasis [34]. Given that both
sorafenib and cannabinoids are metabolized by cytochrome P450, family 3, subfamily
A (CYP3A) enzymes, pharmacokinetic interactions may additionally contribute to the
observed effects [35,36]. These findings support a multifaceted mechanism underlying
the interaction, while highlighting the importance of transcriptomic analysis to further
elucidate system-level responses.

RNA-sequencing analysis revealed that the combination treatment induced a distinct
transcriptional profile, characterized by upregulation of stress- and apoptosis-related genes,
for example, SAT1 and MTHFD?2, and downregulation of genes involved in proliferation,
metabolism, and tumor progression such as SLC2A1, MCM3, PLOD2, and ENC1. These
gene expression changes are consistent with suppression of metabolic reprogramming,
inhibition of cell proliferation and angiogenesis, and activation of cell death pathways.
For instance, upregulation of SAT1 affected the reduction in polyamine levels resulting in
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the inhibition of tumor growth through AKT/GSK3f /3-catenin signaling [37,38], while
downregulation of AGT, MCM3, PLOD2, and ENC1 has been reported to associate with
decreased tumor proliferation, invasion, and epithelial-mesenchymal transition [39-43].
Importantly, these gene-level alterations are highly consistent with pathway-level enrich-
ment identified by GSEA and ShinyGO, collectively indicating coordinated suppression
of metabolic programs and activation of stress- and apoptosis-related signaling. Consis-
tent with these gene-level alterations, GO enrichment analysis further demonstrated that
the combination treatment prominently activates biological processes related to transcrip-
tional regulation and stress adaptation. Notably, enrichment of integrated stress response
(ISR) signaling, cytokine and chemokine receptor binding, and histone acetyltransferase
activity was uniquely observed in the combination group. The ISR represents a key adap-
tive mechanism to cellular stress such as hypoxia, nutrient deprivation, and endoplasmic
reticulum stress resulting in shifting from pro-survival to pro-apoptotic signaling under
sustained stress conditions [44,45]. In parallel, cytokine and chemokine signaling pathways
reflect dynamic regulation of tumor-microenvironment interactions, influencing processes
such as inflammation, immune response, angiogenesis, and metastasis [46]. Importantly,
enrichment of histone acetyltransferase activity which serves as key processes in DNA
repair, apoptosis, and tumor progression highlights a role for epigenetic regulation in
mediating the observed transcriptional reprogramming [47,48]. Consistent with previous
studies, both cannabinoids and sorafenib were reported to modulate epigenetic landscapes
associated with inflammation and stress responses [49-51]. Hence, the integration of
gene expression and GO enrichment findings suggests that the combination treatment
induced a coordinated anticancer response involving metabolic suppression, activation of
stress and immune-related signaling, and epigenetic reprogramming. These multi-layered
mechanisms likely contribute to the enhanced anti-proliferative and pro-apoptotic effects
observed in HepG2 cells.

Integrated analysis of GSEA and the ShinyGO database showed that pathway en-
richment analysis revealed that key signaling networks, including TNF/NF-«xB, MAPK,
JAK/STAT, ROS, and p53 pathways, were activated across the treatments, with stronger and
more coordinated activation observed in the combination group. This pattern suggests that
the combination amplifies shared stress and apoptotic signaling rather than inducing en-
tirely distinct pathways. In the sorafenib-treated cells, we found significantly upregulated
stress- and inflammation-associated pathways (TNF/NF-kB, MAPK, JAK/STAT, and TGEF-
(3 signaling). Despite activation of these signaling pathways related to tumor progression
and chemoresistance, it likely reflected compensatory and adaptive responses rather than
pro-tumorigenic effects under therapeutic stress. At the cellular level, some cells might be
induced to undergo apoptosis, while other cells might activate NF-xB/STAT3/PI3K-driven
resistance programs to promote survival [52]. In addition, the simultaneous activation of
stress-related pathways and suppression of metabolic processes by the ShineyGo database
reflects a dual response involving cytotoxic effects and adaptive signaling which suggests
suppression of cellular metabolism leading to reduced cancer cell growth and survival [53].

NEF-«B plays crucial roles in cellular stress responses and inflammation [54]. The
couple function between NF-«kB and p53 might be simultaneously activated by DNA
damage or cytokines resulting in the induction of cell death. This suggests that NF-«B
contributes more to the execution phase of apoptosis rather than its initiation [55]. In
addition, NF-«kB was induced by DNA-damaging agents through receptor-independent
mechanisms resulting in responses to diverse forms of genotoxic stress, including SN1-type
DNA methylation induced by temozolomide, DNA crosslinking caused by cisplatin, and
double-strand breaks generated by ionizing radiation [56]. Moreover, NF-kB expression
was upregulated in HT-29 cells following treatment with chemotherapeutic agents such
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as fluorouracil, oxaliplatin, or paclitaxel [57]. Similarly, previous studies showed that
adenosine induced G0/G1 cell cycle arrest in hepatocellular carcinoma cells, accompanied
by increased caspase-3 activity and upregulation of p53. Concurrently, NF-kB expression
was elevated, while the anti-apoptotic protein Bcl-2 was downregulated [58].

Activation of the MAPK and JAK/STAT pathways in response to sorafenib likely
reflects compensatory survival signaling. The cancer cells could activate alternative path-
ways to counteract sorafenib effects. Particularly, inhibition of RAF kinases by sorafenib
may paradoxically reactivate downstream MAPK/ERK signaling resulting in restoration
of MAPK activity which occurs in a dose-dependent manner and contributes to continued
cancer cell survival [59]. While the MAPK pathway generally drives cell proliferation and
survival, the MAPK branches known as JNK and p38 were predominantly activated by en-
vironmental stressors, cytokines, and UV radiation to mediate apoptosis [60,61]. Similarly,
activation of the JAK/STAT pathway supports cell survival under therapeutic pressure.
These adaptive responses are further supported by the activation of additional signaling
pathways, including PI3K/ Akt and receptor tyrosine kinases, highlighting the dynamic
rewiring of signaling networks that limits the efficacy of sorafenib in hepatocellular carci-
noma [62,63]. Notably, a previous study reported that the short-chain fatty acid sodium
propionate inhibited JAK2-STAT3 activation, induced cell cycle arrest, and promoted ROS
generation, which in turn activated p38 and triggered apoptosis [64]. Notably, p53 and
apoptosis pathways were also markedly upregulated following sorafenib treatment. These
findings are consistent with our experimental observations demonstrating increased ROS
generation and apoptosis. The concurrent upregulation of both MAPK and p53 signaling
pathways in our study reflects a paradoxical feature of tumor biology, in which pro-survival
(MAPK) and tumor-suppressive (p53) mechanisms were activated simultaneously. It is sug-
gested that cancer cells experience high levels of intrinsic and treatment-induced stress such
as DNA damage, ROS, and metabolic pressure, leading to the simultaneous engagement
of both survival and stress-induced cell death pathways [65-68]. These findings assumed
that sorafenib exerts anti-tumor effects through metabolic suppression and oxidative stress
induction, while simultaneously triggering compensatory survival pathways that may
limit its therapeutic efficacy.

Cannabis treatment alone induced a broad cytotoxic transcriptional response, char-
acterized by activation of oxidative stress, inflammatory signaling, and apoptosis, along
with suppression of proliferation, metabolism, and DNA repair pathways. Specifically,
the upregulation of TNF/NF-kB, TGF-3, and IL-6/JAK-STAT signaling, together with
enrichment of ROS and xenobiotic metabolism pathways, indicates that cannabis elicits
substantial oxidative and inflammatory stress. This is further supported by activation of
p53 signaling and apoptosis, reflecting engagement of programmed cell death mechanisms.
These findings are consistent with previous reports showing that cannabinoids induce ROS
production and cytokine-mediated signaling, ultimately leading to apoptosis [69]. The
p53 and apoptosis pathways are well recognized as key regulators of cell cycle control
and cell death in various cancer cells. Several plant-derived compounds, particularly THC
and CBD, have been reported to modulate p53 signaling and apoptotic processes through
generation of ROS. The ROS play dual roles: (1) as upstream signals that activate p53, and
(2) as downstream mediators that promote apoptosis. Furthermore, p53 activation suppress
the expression of antioxidant genes, leading to enhanced oxidative stress and ultimately
resulting in cell death [70,71]. This is strongly supported by our experimental findings
of increased ROS production and apoptosis in cannabis-treated cells. Consistently, the
activation of p53 and apoptosis pathways observed in this study supports a ROS-driven
cytotoxic mechanism.
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The finding of downregulation in cell cycle regulators (G2/M checkpoint, E2F targets),
DNA replication and repair pathways, and metabolic processes, including glycolysis and
fatty acid metabolism, indicated the impairment of proliferative capacity and the reduction
in cellular ability to recover from damage. Previous publications showed that CBD induced
anti-tumor effects by causing localized inflammation, oxidative stress, and ER stress leading
to apoptosis [72]. Several reports demonstrated that CBD treatment induced cell cycle
disturbances, cellular apoptosis, and ER stress in HepG2 and gastric cancer cells [30,73].
Moreover, THC also affected the downregulation of cell cycle progression resulting in an
inhibition of cell proliferation. Notably, THC suppressed DNA repair pathways, includ-
ing mismatch repair and base excision repair, suggesting a reduced capacity for genomic
maintenance under stress conditions [74]. In breast cancer cell lines, the activation of CB2
receptor by THC showed the suppression of cell proliferation via the inhibition of cell cycle
and induction of apoptosis. Specifically, THC induced cell cycle arrest at the G2/M phase
through downregulation of cell division control protein 2 (Cdc2), as evidenced by reduced
sensitivity to THC in Cdc2-overexpressing cells [75]. In our study, we found the downregu-
lation of glycolysis, fatty acid metabolism, and peroxisome-associated pathways indicated
a global disruption of metabolic cellular function. In contrast, the concurrent activation of
PI3K/Akt/mTOR signaling pathways likely represented a compensatory survival response
to stress-induced damage, reflecting a dynamic balance between pro-death and pro-survival
signaling [76]. A previous study showed that activation of mechanistic target of rapamycin
complex 1 (mTORC1) was mediated by ER stress, which induced the inositol-requiring
enzyme 1- c-Jun NH2-terminal kinases (IRE1-JNK) pathway and apoptosis. Activation of
mTORC1 also reduced Akt phosphorylation, an upstream event in IRE1-JNK signaling
that contributed to apoptosis [77]. Besides cell survival response, PI3K/Akt signaling
directly and indirectly regulates glucose, lipid, nucleotide, and amino acid metabolism,
thereby supporting tumor cell proliferation and survival [78]. The phosphorylation of
IRS-1 was reduced by THC leading to promote the PI3K/Akt pathway associated with
enhanced glucose uptake, suggesting a link between metabolic modulation and activation
of pro-survival signaling pathways [79]. This interplay reflects a dynamic adaptation in
which metabolic suppression coexists with activation of survival pathways, ultimately high-
lighting a balance between stress-induced cytotoxicity and compensatory signaling that
may influence treatment response. In addition to PI3K/Akt-mediated metabolic regulation,
P53 also serves as a regulator of lipid metabolism, nucleotide biosynthesis, redox home-
ostasis, and energy production. Specifically, p53 suppressed glycolysis while promoting
oxidative phosphorylation through transcriptional control of metabolic genes contributing
to the inhibition of tumorigenesis [80]. In the context of the present findings, activation of
P53 could contribute to the observed suppression of glycolytic and metabolic pathways,
reinforcing its role in mediating anti-proliferative and tumor-suppressive effects.

Consistent with our observation of metabolic gene downregulation, cannabis was
reported to disrupt cancer cell metabolism by depleting metabolites and suppressing
metabolic pathways, ultimately reducing cell viability and promoting cell death. Mechanis-
tically, cannabinoids acting through CB1 and CB2 receptors impair glycolytic activity, as
reflected by an increased adenosine monophosphate/adenosine triphosphate (AMP/ATP)
ratio, indicating disruption of cellular energy homeostasis. In addition, cannabinoid-
induced autophagy has been linked to early ROS generation, which exacerbates metabolic
stress and further compromises energy metabolism, as demonstrated in pancreatic ade-
nocarcinoma models [81,82]. Hence, our findings could propose that cannabis exerted
a multi-layered cytotoxic effect by inducing oxidative stress and apoptosis while simul-
taneously impairing proliferation, metabolism, and DNA repair capacity contributing
to potential anticancer activity. The simultaneous induction of oxidative stress and sup-
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pression of DNA repair pathways may further exacerbate genomic instability, thereby
sensitizing cells to apoptosis.

The combined treatment with sorafenib and cannabis triggered a broad and integrated
stress response, involving inflammatory pathways and apoptotic pathways, including
TNF/NF-kB, p53, IL2/IL-6-JAK-STAT, and TGF-f3, as well as oxidative signaling path-
ways and ER-associated protein processing. Concurrent activation of PI3K/Akt/mTOR,
wingless-related integration site/beta-catenin (Wnt/ 3-catenin), and Notch pathways likely
reflect compensatory survival signaling in response to heightened cellular stress. In parallel,
the suppression of proliferative and metabolic programs, as evidenced by downregula-
tion of E2F-driven DNA replication, G2/M cell cycle progression, glycolysis, fatty acid
metabolism, peroxisome function, and bile metabolism suggested a shift toward growth
arrest and metabolic collapse. This coordinated change assumed that cannabis may im-
prove the effect of sorafenib by blocking cancer cells” survival mechanisms and increasing
its ability to inhibit cell growth. Our findings are supported by previous experimental
studies demonstrating that cannabinoid-based combination therapies enhanced cell cycle
disruption and apoptosis in cancer cells. Co-treatment of THC, CBD, and cisplatin signif-
icantly increased G2/M phase arrest and elevated apoptotic cell populations in cervical
cancer cells [83]. Furthermore, the combination of cabozantinib and CBD significantly
enhanced apoptotic signaling by activation of stress and apoptosis-related regulators, in-
cluding phosphorylated Chk2, c-Jun, and p53 [33]. Likewise, this is concordant with our
transcriptomic data demonstrating activation of p53 signaling and apoptosis pathways in
the combination group.

Although GSEA indicated enrichment of the epithelial-mesenchymal transition (EMT)
gene set in the combination treatment, key features of a classical EMT program were not
observed. Canonical EMT involves coordinated activation of transcription factors such as
SNAI1/2, ZEB1/2, and TWIST1/2, together with upregulation of mesenchymal markers
including VIM, CDH2, and FN1 [84-86]. In our dataset, these markers showed negative
ranking and were not part of the leading-edge subset, indicating limited contribution to the
enrichment signal. Instead, the enrichment was primarily driven by genes associated with
inflammatory and stress responses, such as CXCL8, CXCL1, JUN, and GADD45A /B, which
are known to overlap with EMT-related signatures and can be induced by ROS [87,88]
which was consistent with the finding of ROS elevation in the treatment group. Taken
together, these findings suggest that the observed EMT enrichment reflects a partial and
context-dependent transcriptional response rather than a coordinated EMT phenotype
associated with increased invasiveness or metastatic potential.

4. Materials and Methods
4.1. Cannabis Extract

Cannabis extract was purchased from CM Phytotech Co., Ltd. (Chiang Mai, Thailand).
The extract was prepared from cannabis inflorescences obtained from a cultivation farm in
Mae Chaem District, Chiang Mai Province. The plant material was extracted using the Soxh-
let extraction method. The extracts were subsequently submitted to the National Science
and Technology Development Agency (NSTDA) (Pathum Thani, Thailand) for quantitative
analysis of major cannabinoid compounds using an in-house method based on AOAC Offi-
cial Method 2018.11 by high-performance liquid chromatography with limits of detection
(LOD of CBD = 0.00014, LOD of CBDA = 0.00008% w/w, LOD of A°-THC = 0.00014% w/w,
LOD of THCA = 0.00016% w/w).
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4.2. Cell Culture

The human hepatocellular carcinoma (HepG2, ATCC HB-8065) cell line was kindly
provided by Assoc. Prof. Dr. Pornsiri Pitchakarn, Department of Biochemistry, Faculty of
Medicine, Chiang Mai University. The cell line was grown in Dulbecco’s Modified Eagle
Medium (DMEM) (GibGO, Grand Island, NY, USA), supplemented with 10% fetal bovine
serum, penicillin and streptomycin in monolayer culture flasks at 37 °C, 5% CO, and 95%
air atmosphere at constant humidity. The cells were subcultured every 2-3 days prior to
the experiments. For the experiments, the cells were harvested, washed with phosphate-
buffered saline (PBS), and centrifuged at 200x g for 2 min. Cell viability was determined
using trypan blue staining, and the cell density was adjusted to the required concentration.

4.3. Cell Viability

The cell viability was evaluated using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide (MTT) assay as previously described by Acquavia et al., 2023 [89].
Briefly, HepG2 cells were seeded into 96-well microplates at a density of 5 x 10* cell/well
and incubated for 24 h to reach approximately 70-80% confluence. The cells were then
treated with cannabis extract or sorafenib alone. Cell viability was then assessed using the
MTT assay. After 24 h of exposure, the culture medium was removed and replaced with
MTT solution (2 mg/mL) (Sigma-Aldrich, Burlington, MO, USA). Following incubation
for 4 h at 37 °C in the dark, the resulting formazan crystals were dissolved in dimethyl
sulfoxide (DMSO) (Sigma-Aldrich, Burlington, MO, USA). The absorbance was measured
at 540 nm and 630 nm using a microplate reader (BioTek, Winooski, VT, USA). Cell viability
was expressed as a percentage relative to the vehicle control. Briefly, the IC5 values were
calculated using nonlinear regression analysis based on a four-parameter logistic (4PL)
model implemented in GraphPad Prism version 10.2.3 for Windows, GraphPad Software,
Boston, MA, USA, and sigmoidal dose-response curves were generated using an online
platform (https://www.aatbio.com/tools/ic50-calculator, accessed on 26 April 2026).

4.4. Drug Interaction

Based on the ICs values obtained from previous experiments, concentrations cov-
ering the IC5) were selected for drug interaction studies. HepG2 cells were treated with
combinations of cannabis extract and sorafenib for 24 h. Cell viability was then assessed
using the MTT assay. The procedure was followed by the protocol from the previous
experiment. Cell viability was expressed as a percentage relative to the vehicle control.
The combination index and synergistic interactions were calculated and analyzed using
the Combenefit software version 2.021 [90]. Combenefit is a software tool that enables the
visualization, analysis and quantification of substance combination effects. Data obtained
from combination treatments were analyzed using three reference synergy models: the
Highest Single Agent (HSA) model, the Loewe additivity model, and the Bliss indepen-
dence model. To confirm the pattern of drug interaction, SynergyFinder, a web-based
platform, was performed to analyze drug interaction [91]. Drug—drug interactions were
evaluated using three reference models: HSA, Bliss independence, and Loewe additivity.
The HSA model compares the observed combination effect to the maximal effect of either
single agent, providing a conservative estimate of synergy. The Bliss model assumes that
the two compounds act independently through different mechanisms, and calculates the
expected combined effect based on probabilistic independence. In contrast, the Loewe
model assumes that the two agents have similar or overlapping mechanisms of action
and evaluates whether one drug can be substituted by the other. Synergy, additivity, or
antagonism were determined by comparing observed responses to the expected effects
under each model [22-24].
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4.5. RNA Extraction

HepG2 cells were seeded into 12-well microplates at a density of 4 x 10° cell/well and
incubated for 24 h to reach approximately 70-80% confluence. After 24 h of incubation, the
cells were treated with cannabis extract and/or sorafenib at significant concentrations from
the Combenefit software for an additional 24 h. The cells were then harvested by washing
twice with ice-cold phosphate-buffered saline (PBS). Total RNA was extracted using the
RNAeasy Fast Tissue/Cell Kit (Tiangen, Beijing, China) according to the manufacturer’s
instructions. After treatment, the cells were collected using trypsin—-EDTA solution (GibGO,
Grand Island, NY, USA), and lysis buffer was subsequently added. The lysed cells were
centrifuged at 13,400 x g for 5 min to obtain the supernatant. The supernatant was then
transferred to a DNA Eraser column and centrifuged at 13,400 x g for 30 s. Subsequently,
70% ethanol was added, and the mixture was transferred to an RNase-Free Column CR4 and
centrifuged at 13,400 g for 30 s. Buffer RW, pre-mixed with absolute ethanol, was added
and incubated at room temperature for 2 min, followed by centrifugation. Finally, RNA
was eluted using RNase-free ddH,O. The concentration and purity of the extracted RNA
were assessed using a NanoDrop spectrophotometer (Thermo Fisher Scientific, Waltham,
MA, USA). RNA integrity was further evaluated by agarose gel electrophoresis as shown
in Supplementary File S5.

4.6. Transcriptomic Analysis

The obtained RNA was shipped to NovogeneAIT Genomics Singapore Pte., Ltd.
(Singapore) to perform RNA-seq. The quality of the obtained RNA was assessed using
5400 Fragment Analyzer (Agilent Technologies, Inc., Santa Clara, CA, USA) analysis and
an RNA integrity number range from 9.70 to 9.80 for all samples. Messenger RNA was
purified from total RNA using poly-T oligo-attached magnetic beads. After fragmentation,
the first strand cDNA was synthesized using random hexamer primers (NovogeneAlT,
Helios, Singapore). The library was checked with Qubit. The real-time PCR and bioanalyzer
were used to quantify and detect distribution of size. After library quality control, different
libraries were pooled based on the effective concentration and targeted data amount and
then subjected to Illumina sequencing.

To quantify gene expression level, featureCounts (2.0.6) was used to count the read
numbers mapped to each gene. Then, Fragments Per Kilobase of transcript per Million
mapped reads (FPKM) of each gene was calculated based on the length of the gene and
reads count mapped to this gene. Regarding differential expression analysis (DEG), this
was performed using the DESeq2 R package (1.42.0). The resulting p-value is adjusted using
the Benjamini and Hochberg method to control the error discovery rate. The threshold
of significant differential expression at padj < 0.05 and |log2(foldchange)| > 1. Gene
Ontology (GO) terms with a corrected p-value of less than 0.05 were considered signifi-
cantly enriched by differentially expressed genes. GO enrichment analysis of differentially
expressed genes was implemented by the clusterProfiler (4.8.1), in which gene 4 length
bias was corrected. To investigate pathway-level alterations associated with differentially
expressed genes (DEGs), Gene Set Enrichment Analysis (GSEA) was performed using
GSEA software version 4.4.0 [92,93]. All genes were ranked based on differential expres-
sion between treatment and control groups using the log?2 fold change and corresponding
statistical significance derived from RNA-sequencing analysis. The h.all.v5.1.symbols.gmt
[Hallmark] gene set collection from the Molecular Signatures Database (MSigDB) was used
for enrichment analysis with 1000 permutations. Gene sets with a nominal p-value < 0.05
and a false discovery rate (FDR) g-value < 0.05 were considered significantly enriched. Ky-
oto Encyclopedia of Genes and Genomes (KEGG) is a database resource for understanding
high-level functions and utilities of the biological system, such as the cell, the organism and
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the ecosystem, from molecular-level information, especially large-scale molecular datasets
generated by genome sequencing and other high-throughput experimental technologies
(http:/ /www.genome.jp/kegg/, accessed on 24 April 2026). We used ShinyGO 0.85.1 to ac-
cess the statistical enrichment of differentially expressed genes in KEGG pathways [94,95].

4.7. ROS Staining

HepG2 cells were seeded into 12-well microplates at a density of 4 x 10° cell/well
and incubated for 24 h to reach approximately 70-80% confluence. After 24 h of incubation,
cells were treated with cannabis extract and/or sorafenib at the same concentration used
in the transcriptomic experiment. Then, the cells were harvested using trypsin-EDTA
solution. The cells were stained with 2’,7’-dichlorofluorescin diacetate (DCFDA) according
to the manufacturer’s instructions (Sigma-Aldrich, Burlington, MO, USA). Two hundred
microliters of 20 uM of 2/,7'-dichlorofluorescin diacetate was added. The cells were then
incubated at 37 °C for 30 min. After incubation, the cells were washed twice with ice-cold
phosphate-buffered saline (PBS). Finally, the fluorescent-stained cells were counted using a
flow cytometer (Beckman Coulter, Pasadena, CA, USA). The result was expressed as the
percentage of ROS-stained cells.

4.8. Apoptosis Analysis

HepG2 cells were seeded into 12-well microplates at a density of 4 x 10° cell/well and
incubated for 24 h to reach approximately 70-80% confluence. After 24 h of incubation, the
cells were treated with cannabis extract and /or sorafenib at the same concentration used in
the transcriptomic experiment. Then, the cells were harvested using trypsin—-EDTA solution.
The cells were stained with 5 puL of Annexin V-ABFluor™ and 2 uL of propidium iodide
for 15 min in the dark according to the manufacturer’s instructions (Abbkine, Wuhan,
China). After incubation, the cells were resuspended with annexin binding buffer, and the
fluorescent-stained cells were counted using a flow cytometer (Beckman Coulter, Pasadena,
CA, USA). The result was expressed as the percentage of apoptotic cells.

4.9. Statistical Analysis

Statistical analyses were performed using GraphPad Prism version 10 (GraphPad
Software, San Diego, CA, USA). Data are presented as the mean =+ standard deviation (SD)
from different independent experiments. Differences among groups were analyzed using
one-way analysis of variance (ANOVA), followed by Dunnett’s post hoc test for multiple
comparisons. A p-value of <0.05 was considered statistically significant.

5. Conclusions

The present findings provide initial evidence of a drug—drug interaction between
the conventional anticancer agent sorafenib and cannabis extract. The study demon-
strated that the combination of sorafenib and cannabis extract induced a distinct and
enhanced transcriptional response compared with single treatments. Integrated RNA-
sequencing, GSEA, ShinyGO, and GO analyses consistently revealed activation of stress-
and inflammation-related pathways, together with p53-mediated apoptosis, alongside
suppression of metabolic and proliferative processes. The combination further integrated
oxidative and endoplasmic reticulum stress responses, indicating a multi-layered mech-
anism. These transcriptomic findings were supported by increased ROS production and
apoptosis, with the strongest effects observed under the combination treatment. However,
this study has several limitations, including the lack of validation using RT-qPCR or west-
ern blotting and the reliance on a single HCC cell line (HepG2). Therefore, validation in
additional HCC cell lines with diverse genetic backgrounds, such as Huh-7, Hep3B, and
HepaRG, will be essential to confirm the reproducibility and broader applicability of these
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findings. Furthermore, in vivo studies are required to establish the translational relevance
of this combination strategy.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/1jms27104342 /s1.
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